1 Mention of a trade name, proprietary product, or specific equipment does not constitute a guarantee or warranty by the USDA and does not imply its approval to the exclusion of other products that may be suitable. ABSTRACT Skeletal problems are common in both young and old poultry and are often related to bone weakness. They affect mortality on the farm and condemnations within processing plant and thus raise both welfare and economic concerns. To understand the basis of bone strength, the metaphyseal histology, composition, and the biomechanical properties of tibiae from 7-and 72-wk-old male and female broiler breeder chickens were compared. The biochemical constituents included ash, collagen, proteoglycan, transforming growth factor-b (TGF-b), pyridinium crosslinks, and the organic matrix-associated fluorescence. Blood variables were measured to determine the metabolic status of these birds as related to bone physiology. Although there were no differences in blood chemistry of 7-wk-old males and females, there were several differences between young and old birds. The levels of calcium, triglyceride, and iron were higher in older females than in older males. The collagen content was reduced, and the proteoglycan content increased in 72-wk-old hens. The TGF-b content of bones from 7-wk-old females was higher than that of other groups of birds. Bone strength and stiffness, measured using loads at break and Young's modulus, respectively, were higher in older birds. The presence of medullary bones in 72-wk-old hens did not affect their bone strength, although it reduced strain values and increased Young's modulus. Compared to other groups, the 72-wk-old hens had a higher content of an inorganic matrix. The levels of hydroxylysylpyridinoline (HP) and lysylpyridinoline (LP) and the collagenase-extractable fluorescence of the organic matrix from older birds was higher. The decalcified bone matrix from older birds also showed higher susceptibility to bacterial collagenase than their younger counterparts. Bone strength showed positive correlations with its ash content, density, pyridinium crosslinks, and the fluorescence of the matrix. However, the correlation was strong with both pyridinium crosslinks and the fluorescence of the organic matrix. These results suggest that bone strength is influenced by the content of its collagen crosslinks.
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(Key words: chicken, bone, biomechanics, pyridinium crosslinks, bone matrix) 1999 Poultry Science 78:1232-1239 matrix (Einhorn, 1996) . Bone strength and quality are, therefore, related to matrix characteristics. Often, dietary supplements such as Ca, P, and vitamin D that effect mineralization are used to improve the inorganic matrix of bone in poultry, whereas less attention has been paid to the quality and characteristics of organic matrix constituents. In the last several years it has been clear that not only minerals and collagen but also other factors such as intermolecular cross links of collagen molecules contribute to bone strength and integrity (Eyre, 1996) . Factors that prevent collagen crosslink formation can adversely affect bone strength (Osphal et al., 1982) . However, there is little information regarding the changes in collagenous matrix and other extracellular matrix molecules and their relation to bone strength in poultry, particularly in the context of nutrition and growth. Additionally, medullary bone develops in the marrow cavity in hens during the reproductive phase and medullary bone is responsible for maintaining Ca homeostasis during the laying cycle (Dacke et al., 1993) . The contribution of medullary bones to skeletal strength, however, has been questioned (Whitehead, 1996; Newman and Leeson, 1997) . In general, there is a lack of information on the relationship between nutrition, bone chemistry, and skeletal strength in poultry. The objective of the current study was to understand the age and sex related differences in bone strength of chickens and its relation to bone chemistry using 7-and 72-wk-old broiler breeders. Blood variables were used as indicators of general physiological status of these birds as related to bone. Understanding the physiological basis of bone strength may further define nutritional strategies for improving bone quality and reducing skeletal problems in poultry.
MATERIALS AND METHODS

Chemicals
Heptafluorobutyric acid (HFBA), 1,19 dimethylmethylene blue, 3 cellulose fiber (CF-1), 4 hydroxylysylpyrididinoline (HP), and lysylpyridinoline (LP) standards, 5 collagenase (Clostridial Type 4), 6 Spectra/Por dialysis membranes, 7 0.22 mm membrane filter Spin-X centrifuge tubes, 8 protease inhibitor cocktail tablets, 9 and recombinant human transforming growth factor-b (TGFb) 10 were purchased. All other chemicals and reagents were purchased from Sigma Chemical Co. 11 unless specified.
Chickens
Healthy 7-and 72-wk-old male and female broiler breeder chickens 12 raised under commercial conditions on a local farm were used in this study. Each group consisted of seven birds. These birds received dietary rations of comparable caloric values; however, the content of protein, Ca, and P in the feed were different for young and breeder birds as follows: 7 wk: protein, 15.04%; Ca, 0.92%; P, 0.4%; and 72 wk: protein, 15.94%; Ca, 3.05%; P, 0.36%. The 7-and 72-wk-old birds received 8 and 16 h of light/ 24-h day, respectively.
Blood Variables
The chickens were bled by cardiac puncture prior to euthanasia using Corvac tubes 13 containing EDTA. Plasma was obtained by centrifugation at 1,500 × g for 15 min. The profiles of Ca, inorganic P, iron, magnesium, glucose, triglyceride, iron, cholesterol, protein, alkaline phosphatase (ALP), lactate dehydrogenase (LDH), and creatine kinase in plasma were determined using an automated clinical chemistry analyzer. 14
Histology
At necropsy, the proximal epiphysis including metaphyseal bones of tibiae from four birds in each group were fixed in 10% neutral buffered formalin, decalcified with 10% trichloroacetic acid (TCA), embedded in paraffin, and 5-mm sections were processed for histology. The sections were stained with either hematoxylin and eosin, or toluidine blue, examined under a microscope, and photographed.
Mechanical Tests
The right tibial diaphyses from individual birds were cleaned of adherent tissues, the periosteum was removed, and the biomechanical strength of each bone was measured using an Instron 4502 material testing machine. 15 The bones were held in identical positions and the mid-diaphyseal diameter of the bone at the site of impact was measured using a dial caliper. The load and the stress at failure, the strain, and the Young's modulus (modulus of elasticity) were determined using a threepoint flexural bending with a total distance of 10 cm between the two supporting ends. The load, defined as force in kilograms per square millimeter of cross-sectional area (kilograms per square millimeter), represents bone strength and the modulus measures stiffness or rigidity, as related to stress and strain. The stress represents internal resistance to deformity, whereas the strain represents the percentage of deformity (Einhorn, 1996; Zioupos and Currey, 1998) . The rate of loading was kept constant at 20 mm/s. The data were automatically calculated using a computer interfaced to the Instron machine.
Bone Density
Diaphyseal bones of approximately 1 cm in length were cut from the midsection of the corresponding left tibia from individual chickens using a scroll saw, and were cleaned of bone marrow using a jet stream of water. The apparent density of these wet bones was determined using Archimedes' principle with a Mettler kit ME-33340. 16 The bone sections were centrifuged dry for 10 min to remove trapped water from bones. The bone pieces were weighed and the volume of each piece was determined by weighing pieces submerged in distilled water and then subtracting the value from the initial weight. The wet densities of bone pieces were calculated by dividing the mass (initial weight) by the volume of bone.
Ash Weight
Following density measurements the bones were dried at 110 C for 10 h and weighed. These bones were ashed at 750 C for 22 h in porcelain crucibles. The percentage ash was determined relative to dry weight of a tibia.
Bone Matrix Preparation
The broken diaphyseal bones following mechanical testing were crushed and then pulverized in distilled water using a Tekmar Tissumizer. 17 The bone particles were sedimented and washed successively three times with excess distilled water to remove bone marrowassociated soft tissues and then lyophilized. The bone particles were then defatted by treatment with 10 vol of chloroform: methanol (1:1) for 24 h followed by chloroform alone for an additional 24 h and lyophilized. These bone powders were used for subsequent analysis.
Bone Matrix Extraction, Proteoglycan, and Transforming Growth Factor-b Measurement
Approximately 100 mg of bone powder from individual birds was extracted with 10 vol of 4 M guanidine hydrochloride (GuHCl) containing 20 mM Tris HCl, 100 mM EDTA, pH 7.2, containing protease inhibitors 9 for 48 h at 4 C with constant agitation. Aliquots of the extract were used for the determination of proteoglycan using a dye binding assay (Chandrasekhar et al., 1987) . Aliquots of GuHCl extract or GuHCl solutions (0.5 mL) were dialyzed using Spectra/Por dialysis membrane (∼ 3,500 MW cut off) against 500 mL of PBS, pH 7.2, at 4 C for 48 h with three changes and then centrifuged through Spin-X filters and the filtrate was used for TGF-b assays. The TGF-b activity was assayed according to Ballock and Roberts (1993) using the inhibition of DNA synthesis of mink lung epithelial cells (MV 1Lu, CCL-64) 18 as described earlier (Rath et al., 1995) . The dialyzed samples were used without further activation as GuHCl extraction is known to activate latent TGF-b activities. Recombinant human TGF-b was used as the standard. The activities were expressed as nanograms of TGF-b per milligram of decalcified bone matrix.
Collagen and Pyridinium Crosslink Determination
Approximately equal amounts of bone powders were decalcified with constant agitation using 20 vol of 10% EDTA, pH 8.0, each for 5 d with two changes. The decalcified matrices were recovered by centrifugation at 14,000 × g with two successive washes with double distilled water and lyophilized. The weight of lyophilized matrix was used to determine the percentage of acidsoluble matrix. The decalcified matrices were hydrolyzed with 6N HCl at 110 C for 24 h and evaporated to dryness using a Speedvac concentrator 19 and reconstituted with distilled water to determine hydroxyproline and pyridinium crosslinks. The hydroxyproline was determined according to Cawston et al. (1994) . Collagen content of each fraction was calculated by multiplying by a factor 7.46. The HP and LP content of bone matrix-hydrolysates was affinity adsorbed using CF-1 and measured using HPLC (Eyre, 1987; Petit et al., 1996; Rath et al., 1998) and a standard of HP and LP. Briefly, acid hydrolyzed samples were mixed with acetic acid:butanol:water (1:4:1, vol/vol) and then added to the CF-1 pellet, which had been prepared from a 5% suspension in the above solution and centrifuged, and the supernatant removed. The CF-1 adsorbed pyridinium compounds were recovered by centrifugation and the pellet was washed three times with acetic acid:butanol:water as above. The pyridinium compounds, HP and LP, were eluted with distilled water, recovered by centrifugation, dried, and reconstituted with 30 mM heptafluorobutyric acid (HFBA) prior to HPLC using a C18 reverse phase column (4.6 mm × 150 mm, Ultrasphere 5 mm column. 20 The HP and LP concentrations were quantified at 295 nm excitation, 400 nm emission using an online fluorescence detector. The results were expressed as nanograms of HP or LP per milligram of decalcified bone matrix.
Collagenase Extractable Fluorescence
Approximately 100 mg of bone matrix was decalcified using 20 vol of 10% TCA at 4 C for 48 h with constant shaking followed by two successive washes with distilled water. The insoluble residue was lyophilized and weighed to estimate the TCA-soluble matrix content. Preliminary experiments indicated that this method of decalcification was quick and efficient and the acid-soluble matrix content closely matched the ash content of samples. The lyophilized matrix was treated once with 0.5 mL of 100 mM 2-hydroxyethyl piperazine-N′-2 ethanesulfonic acid (HEPES) buffer, pH 7.4, centrifuged, and the supernatant removed. The residue was then digested with 20 mM HEPES buffer, pH 7.4, containing 5 mM CaCl 2 and 1 mg/ mL collagenase at 37 C for 48 h in a total volume of 2 mL. At the end of the incubation, the samples were centrifuged at 15,000 × g for 20 min and the supernatant saved for fluorescence determination. The fluorescence of the collagenase extract was determined at 385 nm emission following excitations at 335 nm (Bellmunt et al., 1995) using a RF 1100 model fluorometer. 21 The residue following digestion was washed once with water, centrifuged, lyophilized, and weighed to determine the percentage of undigested matrix. Both fluorescence of the soluble extract and the percentage of undigested matrix were calculated on the basis of initial weight of bone matrixes.
Statistical Analysis
Data were evaluated by ANOVA using the General Linear Models procedure of SAS ® (SAS Institute, 1988). Significant effects of treatment means were separated using Duncan's multiple range test. Differences were considered to be significant at P < 0.05. Pearson correlation coefficients between mechanical strength and matrix parameters were calculated using SAS ® (SAS Institute, 1988).
RESULTS
Histology
There were no differences in the metaphyseal bone histology between young male and female birds. The trabecular bones in younger birds were lined by osteoblasts, which was not the case with older birds. In older birds the cartilaginous growth plate was replaced by bone. The medullary bone in 72-wk-old females could be distinguished from the cancellous bone by different staining characteristics. The cortical and trabecular bones stained red whereas the medullary bones stained blue. The medullary bones were woven and showed more metachromasia when stained with toluidine blue, indicative of the presence of proteoglycan (Figure 1 ).
Blood Variables
There were no differences in blood chemistry between males and females of 7-wk-old birds, but there were some general differences between young and old birds ( Table  1) . The blood levels of protein and triglycerides were higher in older females than in younger females, whereas the levels of glucose, alkaline phosphatase, P, creatine kinase, and LDH tended to be higher in 7-wk-old birds of both sexes than in older birds. The 72-wk-old females exhibited higher levels of Ca, triglycerides, protein, and iron than 72-wk-old males (Table 1) .
Bone Diameter, Ash Content, Density, and Biomechanical Properties
Physical parameters and the biomechanical properties of the tibiae are shown in Table 2 . The mid-diaphyseal diameter was highest in 72-wk-old male birds and the differences between male and females were obvious in both age groups. Males had a higher diaphyseal diameter than their age-matched females. The ash content was not different in the older males compared with younger birds, although older females had a higher percentage of bone ash. The TCA-soluble matrix content closely matched the ash content except that the overall levels were ∼ 4 to 10% higher than ash content. The older males showed a higher amount of acid-soluble matrix than younger birds, which were not evident with ash content. The females showed the highest content of inorganic matrix. The changes in the density of bones followed a trend similar to that of the acid-soluble matrix. The 72-wk-old females had highest bone density (Table 2) . There were significant differences in the biomechanical properties of young and old birds. In all three parameters, load at break, modulus, and stress, the values were lower in younger birds (Table 2 ). There were no differences in the biomechanical parameters between young males and females except in the strain values, which were higher in the females. There were significant differences between 72-wk-old male and female birds, with the females showing higher values of modulus and stress, and a lower value of strain, but the total load at break was not different (Table 2) .
Transforming Growth Factor-β
The TGF-b content of bone matrices from 7-wk-old birds ranged from 3 to 4 ng/mg bone (7 wk: male, 2.66 ± 0.22 ng/mg, female, 4.23 ± 0.42 ng/mg: 72 wk: male 3.11 ± 0.32 ng/mg, female 2.60 ± 0.31 ng/mg). The younger females had a higher TGF-b content.
Collagen, Proteoglycan, and Pyridinium Crosslinks
The 72-wk-old females had the highest content of proteoglycan and the lowest content of collagen (Table 3) . The proteoglycan content of bones from older males was the lowest of all groups. Both HP and LP content of bone increased in the older birds and there were no sex differences. The LP content showed a larger increase relative to HP content (Table 3) .
Collagenase Extracted Fluorescence and Residual Matrix Content
There was an increase in the fluorescence intensity of collagenase extracts of decalcified bone matrices from older birds (Table 3) . Similarly, the percentage of undigested collagenase-resistant matrix was reduced in males of both age groups. However, no differences were seen between young males and older females (Table 3) .
Correlation Between Bone Biomechanical Properties and Matrix Parameters
All of the matrix parameters showed positive correlations with bone strength, as represented by the load at break. The order of correlation of bone strength with matrix parameters were LP > total pyridinium > HP > fluorescence > density > ash. Except for ash content, which showed a better correlation with modulus than with the load, the correlation coefficients of other parameters were not much different from each other. In brief, a strong correlation was evident between bone strength and the content of pyridinium crosslinks (Table 4) .
DISCUSSION
The objectives of this study were to evaluate the composition and the biomechanical properties of tibial bones of young and old male and female broiler breeder chickens in order to understand the basis of bone strength. Blood variables were used as indicators of mineral homeostasis and the physiological status of the birds as related to bone. Although there were no differences between 7-wk-old male and female birds in blood chemistry, younger chickens showed higher levels of glucose, P, ALP, and LDH than older birds. This age difference may be because of a higher metabolism associated with growth in 7-wk-old birds whereas, in 72-wk-old birds these activities are significantly reduced. The elevated levels of Ca, triglyceride, and iron in 72-wk-old females were indicative of estrogenassociated changes in hens (Rath et al., 1996) . The levels of P and ALP were lower in older birds than in younger birds, although the older birds received only ∼ 10% less P in their diet. Although it is reasonable to consider that decreased bone formation in older birds may reflect lower ALP, the low plasma P values may relate to the high dietary Ca content of the breeder diet, which results in an inhibition of both P uptake and increased P excretion through parathyroid hormone and vitamin D related mechanisms (Wideman, 1987) .
Biomechanical measurements showed that bones from 72-wk-old birds were stronger than those of younger birds. The older females had extensive medullary bone, which is associated with reproductive maturity related to egg laying (Dacke et al., 1993) , and was probably responsible for lower values of strain. However, the presence of medullary bone did not influence bone strength of 72-wk-old hens. Yet the bones from these hens had higher modulus, indicating that these bones were more brittle or rigid. This brittleness may be related to higher ash and lower collagen content of these bones. The biomechanics of bones have been discussed by several investigators (Albright, 1987; Eyre, 1996; Einhorn, 1996; Frost, 1997) . Bone strength is related to its material properties such as density, matrix chemistry, geometry, and architecture. The collagen, which constitutes ∼ 90% of the organic matrix of the bone, contributes to its tensile strength and plastic property, whereas the minerals contribute to the stiffness and compressional strength of the bone. Tensile strength is further increased because of the interfibrillar interactions of collagen molecules, which form HP and LP crosslinks (Eyre, 1996; Knott and Bailey, 1998) . This crosslink formation is mediated by an enzyme lysyl oxidase, which catalyzes oxidation of lysyl and hydroxyl groups of collagen molecules to form aldehydes that eventually form mature pyridinium links (Knott and Bailey, 1998) . Impairment of crosslink formation in collagen caused by nutritional deficiencies of copper, ascorbic acid, or pyridoxine, and lathyrism induced by the inhibition of the lysyl oxidase, leads to the reduction of mechanical strength of bone (Osphal et al., 1982; Lees et al., 1994) . Therefore, the chemistry of the collagenous matrix plays an important role in bone strength and integrity.
In poultry, major emphasis is placed on supplementing diets with minerals and vitamins with the view that it leads to better bone mineralization; however, much less is known about the changes in extracellular matrices and their regulation. Recently, Knott et al. (1995) showed several differences in the organic matrix chemistry of bones derived from normal and osteoporotic chickens and reported a decrease in the levels of mature crosslinks in the osteoporotic bones. In the current study, the inorganic matrix content of bone did not show a substantial increase in older birds compared with the younger birds except for a modest 6 to 10% increase. The 72-wk-old hens had the highest ash content and exhibited a similar trend with respect to bone density, although the increase was between 25 to 40% in this parameter. However, the increase in the biomechanical strength was substantially greater in older birds. The overall collagen content, however, did not increase in older birds; rather a decrease in collagen content was seen in older females. In studies with human bones from patients of different ages, Danielsen et al. (1993) noted a relative constancy in the levels of bone collagen. On the other hand, in older birds there was a substantial increase in the content of pyridinium crosslinks as well as the bone matrix fluorescence, which strongly correlated with the increase in bone strength. Along with other factors the pyridinium crosslinks are responsible for collagen fluorescence (Eyre, 1996; Knott and Bailey, 1998) . The loss of pyridinium crosslinks are correlated with bone loss (Oxlund et al., 1995) . Therefore, matrix-fluorescence can be an indicator of the crosslink density in collagen. Despite the presence of extensive medullary bones, the difference in the bone strength between older males and females was negligible. The increase in the content of proteoglycan in 72-wk-old females may be related to medullary bones, which showed metachromatic staining with toluidine blue. Higher mucopolysaccharide content in medullary bones has been described by other investigators (Dacke et al., 1993) .
Transforming growth factor-b (TGF-b) is a multifunctional cytokine that is retained in significant quantities in bone and regulates various aspects of bone physiology, including resorption and matrix synthesis (Seydin et al., 1985; Ballock and Roberts, 1993; Mundy, 1996) . There was little difference in the content of TGF-b between 7-and 72-wk-old birds except that the 7-wk-old females had higher bone levels of TGF-b. The significance of these differences and the role of TGF-b in the aging bones is not clear.
Besides understanding the basis of bone strength and the differences between the bones of young and old birds, one objective of this study was to find out why older birds, particularly older hens, are more vulnerable to bone breakage and osteoporosis. However, the observation that the bones from older birds are stronger than those from younger birds was contrary to that assumption. This observation may possibly be due to several reasons: 1) unlike cage layers, the birds used in this study were not confined to cages and presumably had adequate movement and exercise, which are essential for the maintenance of bone strength and integrity; and 2) the comparison of bones from growing birds and mature adults perhaps was not appropriate because the bones had not yet reached their maximal strength and maturity, as evidenced by the presence of unmineralized osteoids and low collagen crosslink content. Nevertheless, a comparison between agematched 72-wk-old males and females did not show many differences in collagen crosslinks or bone strength. Further, the fluorescence of collagenase-extractable decalcified matrices from older birds was higher, similar in trend to that of pyridinium crosslinks and the levels did not differ between males and females. Although the pyridinium crosslinks are the major contributors to the collagen fluorescence, there are other factors that also contribute to fluorescence of collagen and extracellular matrices. These factors are glycoxidative changes in collagen, which modify their extracellular matrix properties, increase intermolecular crosslinking, affect solubility, and increase their susceptibility to proteolytic degradations (Sell and Monnier, 1989; Paul and Bailey, 1996; Berlett and Stadtman, 1997) . It is known that increased bone loss and osteoporosis is related to an increased activity of osteoclasts, macrophages, and other inflammatory cells that produce a plethora of proteolytic enzymes that degrade bone matrix (Mundy, 1996) . Not only an increased activity of these cells, but an increased susceptibility of the matrix to these enzymes, is likely to increase the risk of age-related degenerative bone diseases. By estimating the residual matrix following limited collagenase digestion, this study showed that the bone matrices from younger birds were more resistant to collagenase than the bone matrices from their older counterparts of the same sex. Although the significance of this finding is not clear, it is likely that bone loss in older birds could be facilitated because of the modification of matrix chemistry that may increase their susceptibility to proteolytic degradation by bone resorbing cells.
In conclusion, these studies show the 72-wk-old broiler breeder chickens had higher bone strength, which was accompanied by an increase in bone density, a small increase in bone inorganic content, and a significant increase in pyridinium crosslinks, and collagen-associated fluorescence. The crosslink content had a stronger correlation with bone strength than bone ash and density. The organic matrix from older birds also showed an increased susceptibility to bacterial collagenase.
